1. Introduction {#sec1-ijms-20-00800}
===============

Garcinol ([Figure 1](#ijms-20-00800-f001){ref-type="fig"}) is isolated from the "Kokum" plant (*Garcinia indica*) that grows extensively on the western coast of India \[[@B1-ijms-20-00800]\]. The genus *Garcinia* includes some 200 species found in the tropics, especially Asia and Africa. *Garcinia indica* extracts, particularly those from its rind, are rich in polyisoprenylated benzophenone derivatives, including garcinol. In our earlier studies on the anticancer property of garcinol, we demonstrated modulation of NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) signaling by garcinol, leading to induction of apoptosis in receptor positive and triple negative breast cancer cells \[[@B2-ijms-20-00800]\], as well as prostate and pancreatic cancer cells \[[@B3-ijms-20-00800]\]. In recent years, there has been a lot of interest in characterizing the anticancer role of garcinol in different human cancers \[[@B4-ijms-20-00800],[@B5-ijms-20-00800],[@B6-ijms-20-00800],[@B7-ijms-20-00800],[@B8-ijms-20-00800]\].

Among all the cancers that affect humans, lung cancer is the leading cause of cancer-related deaths. In the United States, it accounts for a quarter of all cancer deaths and is expected to result in approximately 154,050 deaths this year \[[@B9-ijms-20-00800]\]. Globally, lung cancer results in about 1.2 million deaths a year \[[@B10-ijms-20-00800]\]. With these staggering numbers, there has been interest in evaluating the anticancer effects of garcinol in lung cancer models as well. First, it was shown that garcinol can induce cell cycle arrest in H1299 non-small cell lung cancer (NSCLC) cells \[[@B11-ijms-20-00800]\]. More recently, garcinol has been shown to suppress stemness in NSCLC A549 cells through its action on Wnt/β-catenin/ Signal transducer and activator of transcription 3 (STAT3) signaling \[[@B12-ijms-20-00800]\] and Aldehyde Dehydrogenase 1 Family Member A1 (ALDH1A1) expression \[[@B13-ijms-20-00800]\]. Incidentally, H1299 cells represent mesenchymal phenotype and we have earlier reported a role of hedgehog signaling in maintenance of mesenchymal phenotype and the stemness of NSCLCs with the targeting of hedgehog signaling resulting in sensitization of NSCLCs to standard chemotherapies \[[@B14-ijms-20-00800]\].

Epithelial-to-mesenchymal transition (EMT), regulated by various signaling pathways as well as microRNAs (miRNAs) \[[@B15-ijms-20-00800]\], is an attractive target for lung cancer therapy and the reversal of therapy resistance \[[@B16-ijms-20-00800]\]. Although we have reported regulation of miRNAs by garcinol in breast cancer cells with resulting regulation of EMT \[[@B17-ijms-20-00800]\], such regulation of miRNAs and/or EMT by garcinol in lung cancer models has never been investigated. In particular, it has never been tested if garcinol can reverse EMT in NSCLC cells thereby resulting in re-sensitization of otherwise resistant cells. To fill this void in our understanding, we tested the anti-proliferation and apoptosis-inducing effects of garcinol on mesenchymal H1299 as well as the A549M cells, the mesenchymal variants of parental A549 NSCLC cells that are rendered mesenchymal by exposure to transforming growth factor beta 1 (TGF-β1) with resulting resistance against standard therapies such as tyrosine kinase inhibitor (TKI) erlotinib and cisplatin. Further, we also investigated the mechanistic role of select miRNAs in the EMT regulation of therapy resistance, as well as their modulation by garcinol.

2. Results {#sec2-ijms-20-00800}
==========

2.1. Garcinol Sensitizes Resistant Cells to Erlotinib and Cisplatin {#sec2dot1-ijms-20-00800}
-------------------------------------------------------------------

In our earlier work \[[@B14-ijms-20-00800]\], we established that NSCLC A549 cells undergo EMT when exposed to TGF-β1. The mesenchymal phenotypic A549M cells were also markedly resistant to standard chemotherapies such as erlotinib and cisplatin. As reported in that study, the erlotinib as well as cisplatin IC~50~ and IC~90~ values for A549M cells were significantly higher, relative to the parental A549 cells. IC~50~ values increased from 11.6 to 43.6 μM for erlotinib and from 4.1 to 36.2 μM for cisplatin. In view of these observations, we used A549M cells as our model of chemo-resistant cells and tested the ability of garcinol to possibly sensitize A549M cells to erlotinib and cisplatin. We first treated A549M cells with increasing doses of erlotinib for 72 h in the absence and presence of two different doses of garcinol (5 and 20 μM). As seen in [Figure 2](#ijms-20-00800-f002){ref-type="fig"}A, garcinol at both the tested doses resulted in sensitization to erlotinib treatment. We also calculated the drop in IC~50~ values and found that 5 μM garcinol treatment resulted in 32.95% decrease in IC~50~ value while the higher dose of 20 μM resulted in a decrease in IC~50~ value by 60.37% ([Table 1](#ijms-20-00800-t001){ref-type="table"}).

Having observed a significant effect of garcinol on sensitization of A549M cells towards erlotinib, we next tested the effect of garcinol treatment on cisplatin sensitivity. This time, we exposed A549M cells to increasing doses of cisplatin for 72 h in the absence and presence of the same two doses of garcinol (5 and 20 μM). We observed that garcinol at both doses sensitized A549M cells to cisplatin ([Figure 2](#ijms-20-00800-f002){ref-type="fig"}B). The IC~50~ of cisplatin in A549M cells was calculated to be 36.5 μM but it dropped to 19.2 μM in the presence of 5 μM garcinol (47.40% decline) and further to 9.1 μM in the presence of 20 μM garcinol (75.07% decline) ([Table 1](#ijms-20-00800-t001){ref-type="table"}).

Next, we tested the sensitizing effect of garcinol on the clonogenicity of A549M cells when treated with erlotinib or cisplatin, as assayed by the soft agar assay that evaluates anchorage-independent clonogenicity. We observed that, similar to proliferation assays above, garcinol significantly potentiated the inhibitory effect of erlotinib ([Figure 2](#ijms-20-00800-f002){ref-type="fig"}C) as well as cisplatin ([Figure 2](#ijms-20-00800-f002){ref-type="fig"}D) on clonogenic potential of A549M cells. Combined, these results established that garcinol had a very significant effect on the sensitization of A549M cells to erlotinib as well as cisplatin.

2.2. Garcinol Potentiates Apoptosis Induction by Erlotinib {#sec2dot2-ijms-20-00800}
----------------------------------------------------------

Targeted chemotherapy, erlotinib, induces apoptosis in NSCLC cells. Since we observed that garcinol sensitized resistant A549M cells, the cells with induced EMT, to erlotinib treatment, we next questioned if this was due to some effect of garcinol on apoptosis inducing ability of erlotinib. We first tested the effect of garcinol alone on apoptosis induction in A549M cells as well as the H1299 cells that have mesenchymal phenotype. Induction of apoptosis was assessed by two different methods---the histone/DNA enzyme-linked immunosorbent assay (ELISA) and caspase-3/7 assay. First, we tested the ability to garcinol to induce apoptosis in these two cell lines. As seen in [Figure 3](#ijms-20-00800-f003){ref-type="fig"}A,B, we observed a dose-dependent induction of apoptosis by garcinol, as assessed by both the methodologies. We evaluated the apoptosis-inducing activity using two different time points---24 h and 72 h---and a clear time-dependent increase in apoptosis-induction in both the cell lines was observed ([Figure 3](#ijms-20-00800-f003){ref-type="fig"}A,B). Next, we selected two different doses of erlotinib (25 and 50 μM) and used these doses on the two cell lines in the absence and presence of two different doses of garcinol (5 and 20 μM). In A549M cells ([Figure 3](#ijms-20-00800-f003){ref-type="fig"}C,D), we observed apoptosis induction by both the doses of erlotinib with more significant induction of apoptosis by the higher (50 μM) dose. Further, the addition of garcinol at both doses potentiated the apoptosis induction with the potentiation much more significant (*p* \< 0.001) at the higher dose of garcinol (20 μM). We performed similar experiments in H1299 cells ([Figure 3](#ijms-20-00800-f003){ref-type="fig"}E,F) and confirmed the potentiation of apoptosis-inducing activity of erlotinib by garcinol in these cells as well. The combination of garcinol and erlotinib was observed to induce approximately similar apoptosis within 24 h as was induced by garcinol alone in 72 h. These results in two different cell lines, using two different assays, confirmed that the sensitization of resistant NSCLC cells to chemotherapy involve potentiation of apoptosis induction by garcinol.

2.3. Garcinol Affects the Expression of EMT-Modulating miRNAs {#sec2dot3-ijms-20-00800}
-------------------------------------------------------------

To further explore the mechanism by which garcinol may sensitize resistant NSCLC cells with mesenchymal phenotype, we focused on miRNAs as these small non-coding RNAs are now well-established regulators of EMT. We shortlisted a few miRNAs for our mechanistic analyses. miR-200b and let-7c were chosen for their role in induction of EMT as reported by us earlier \[[@B14-ijms-20-00800]\]. miR-218 and miR-101 were chosen for their roles in EMT induction and resulting cisplatin resistance in lung cancer cells \[[@B18-ijms-20-00800],[@B19-ijms-20-00800]\], while miR-205 was shortlisted because of the report on its role in EMT regulation and erlotinib resistance in NSCLC cells \[[@B20-ijms-20-00800]\]. Our goal was to study the effect, if any, on the expression of these miRNAs by garcinol. We hypothesized that regulation of these miRNAs by garcinol can profoundly affect EMT and thus be responsible for the observed sensitizing effects of resistant NSCLC cells. When treated with 20 μM garcinol, we observed a significant upregulation of all of these miRNAs in A549M cells ([Figure 4](#ijms-20-00800-f004){ref-type="fig"}). While significant (*p* \< 0.05), the upregulation of miR-101 was found to be the least among all the tested miRNAs. All the other miRNAs (miR-200b, miR-205, miR-218, and let-7c) were much more upregulated (*p* \< 0.01) with miR-200b and let-7c being the most significantly upregulated miRNAs.

2.4. Effects of Garcinol on EMT Are Attenuated by Anti-miRNAs {#sec2dot4-ijms-20-00800}
-------------------------------------------------------------

We further established the mechanistic involvement of miRNAs in EMT regulation by garcinol through transfections with anti-miRNA oligos. A549M cells were either transfected with non-specific or specific anti-miRNAs, and treated with 20 μM garcinol for 72 h. As seen in [Figure 5](#ijms-20-00800-f005){ref-type="fig"}A, control A549M cells had considerably reduced E-cadherin (a marker of epithelial phenotype) expression, as compared to parental A549 cells. Treatment with garcinol significantly attenuated this E-cadherin downregulation, probably because of the increased expression of miRNAs as reported above. To confirm the role of miRNAs, we transfected A549M cells with anti-miRNAs before garcinol treatment and observed that antagonizing all miRNAs had significant effect on the garcinol activity, albeit to different extents. We further confirmed these results by assessing the markers of mesenchymal phenotype namely vimentin ([Figure 5](#ijms-20-00800-f005){ref-type="fig"}B) and ZEB1 ([Figure 5](#ijms-20-00800-f005){ref-type="fig"}C). In contrast to E-cadherin, the expression of vimentin and ZEB1 was increased in EMT-induced A549M cells, as expected. Garcinol treatment resulted in a significant decrease in the expression of these mesenchymal markers, thus directly verifying an EMT-reversing effect. Further, anti-miRNA transfections significantly attenuated the garcinol effects, further attesting to the functional role of these miRNAs in EMT-reversing activity of garcinol. Of note, miR-200b and let-7c were found to be the most effective miRNA in terms of attenuating garcinol activity.

2.5. Erlotinib and Cisplatin Sensitizing Activity of Garcinol is Affected by Anti-miRNAs {#sec2dot5-ijms-20-00800}
----------------------------------------------------------------------------------------

Since we observed that miRNAs, particularly miR-200b and let-7c, significantly attenuated the effects of garcinol on EMT markers, we next tested whether this regulation of EMT through miRNAs could also define the drug-sensitizing activity of garcinol. Therefore, we again exposed A549M cells to increasing doses of either erlotinib ([Figure 6](#ijms-20-00800-f006){ref-type="fig"}A) or cisplatin ([Figure 6](#ijms-20-00800-f006){ref-type="fig"}B) in the presence of garcinol, and further added the anti-miR-200b or the anti-let-7c in the individual experiments. While 20 μM garcinol sensitized the cells to erlotinib as well as cisplatin at all of their tested doses, addition of anti-miRNA significantly altered such sensitizing ability of garcinol. Interestingly, let-7c was most effective at attenuating the effects on erlotinib sensitivity while both miR-200b and let-7c were equally effective at attenuating the effects on cisplatin sensitivity with mR-200b perhaps slightly more effective.

Further, in addition to assessing proliferation of cells as a surrogate for drug activity, we also tested the effects of anti-miRNAs on the garcinol-induced potentiation of erlotinib-induced apoptosis in A549M cells for the further verification of our results. Through DNA/histone ELISA assay ([Figure 6](#ijms-20-00800-f006){ref-type="fig"}C) as well as homogenous caspase-3/7 assay ([Figure 6](#ijms-20-00800-f006){ref-type="fig"}D), we confirmed that whereas 20 μM garcinol potentiated the apoptosis inducing activity of erlotinib (at the both the tested doses of erlotinib), addition of anti-miRNAs significantly attenuated the garcinol activity.

3. Discussion {#sec3-ijms-20-00800}
=============

The major findings from our study are: (i) garcinol sensitizes drug resistant NSCLC cells with EMT phenotype to cytotoxic effects of erlotinib as well as cisplatin; (ii) such sensitizing activity of garcinol involves potentiation of apoptosis-inducing activity of chemotherapy; (iii) garcinol induces the expression of tumor-suppressive miRNAs that regulate EMT; and (iv) the miRNAs, particularly miR-200b and let-7c, are mechanistically involved in EMT suppressing and drug sensitizing activity of garcinol.

Resistance to chemotherapy is a major clinical challenge. Erlotinib, marketed as "Tarceva" is a first-generation EGFR-TKI approved by the US Food and Drug Administration (FDA) for treatment of locally advanced or metastatic NSCLC. Cisplatin belongs to the family of platinum-based drugs that bind to DNA and inhibits replication. While both of these drugs are used in clinics for the treatment of lung cancer patients, their continued use often results in acquired resistance \[[@B21-ijms-20-00800],[@B22-ijms-20-00800]\]. While a number of factors are now being evaluated for possible roles in acquired chemoresistance, the phenomenon of EMT remains one of the leading underlying mechanism. This was confirmed by us when we observed a role of hedgehog signaling in EMT induction and resulting chemoresistance in NSCLC cells \[[@B14-ijms-20-00800]\]. Taking a cue from this earlier published study, we now assessed the role of garcinol, a naturally occurring chemopreventive agent, to reverse EMT and the resulting chemoresistance. We hypothesized that garcinol might be an effective agent for such assessment, based on our results in a study focused on breast cancer cells where we observed EMT reversing effects of garcinol \[[@B17-ijms-20-00800]\].

Our results are the first to establish a sensitizing role of garcinol in drug resistant NSCLC models. Previously, garcinol has been shown to alter miRNA signature and sensitize human pancreatic cancer cells to gemcitabine \[[@B23-ijms-20-00800]\] as well as sensitize breast cancer cells to taxol in vivo in a mouse breast cancer cell model \[[@B24-ijms-20-00800]\]. Interestingly, both of these studies hinted at the possible modulation of NF-κB signaling, which was earlier shown by us to be modulated by garcinol in breast, prostate, and pancreatic cancer cells \[[@B2-ijms-20-00800],[@B3-ijms-20-00800]\]. NF-κB signaling is intricately connected with cancer drug resistance \[[@B25-ijms-20-00800]\], and therefore its modulation by garcinol might be of importance in the context of drug resistance. Another major signaling involved in EMT and cancer drug resistance is the STAT3 signaling \[[@B26-ijms-20-00800]\], and our own results \[[@B27-ijms-20-00800]\], followed by reports from other research groups \[[@B7-ijms-20-00800],[@B12-ijms-20-00800],[@B28-ijms-20-00800],[@B29-ijms-20-00800]\], established potent activity of garcinol against STAT3 activation, which might be another mechanism through which garcinol can effectively regulated EMT and the resistance to chemotherapy.

In addition to cellular signaling pathways, miRNAs are increasingly being sought as the regulators of EMT and drug resistance. Some of the better characterized miRNAs that regulate EMT are the tumor suppressors ones such as the miR-200 family, let-7c family, miR-205, miR-101, miR-218, etc. These miRNAs facilitate maintenance of epithelial and less aggressive phenotypes, and are therefore, often found downregulated in drug resistance and metastatic cancers. We observed an upregulation of these miRNAs as a result of treatment with garcinol, which might explain the EMT reversing activity of garcinol and the resulting sensitization to erlotinib as well as cisplatin. To further tie these miRNAs mechanistically with the sensitizing activity of garcinol, we used anti-miRNAs with the hypothesis that antagonizing miRNAs will attenuate the activity of garcinol. Indeed, we observed that blocking the upregulation of these tumor suppressive and EMT-inhibiting miRNAs by garcinol, reverses the effects of garcinol on EMT as well as the sensitization to erlotinib and cisplatin.

Use of natural agents, such as garcinol, in cancer therapy has been advocated primarily based on the promising pre-clinical results and the knowledge that such dietary agents are well tolerated with minimal to no toxic effects along with their pleiotropic effects \[[@B30-ijms-20-00800]\]. However, a major challenge in the clinical advancement of such agents is poor bioavailability. One strategy to overcome this is through synthesis of synthetic garcinol analogs with enhanced bioavailability as well as efficacy \[[@B31-ijms-20-00800]\]. Also, nanoformulations of garcinol have been found to be a promising strategy to improve its bioavailability \[[@B32-ijms-20-00800]\]. The efficacy of garcinol as a promising anticancer agent has been demonstrated in several investigations that used in vivo models representing various human cancers \[[@B12-ijms-20-00800],[@B17-ijms-20-00800],[@B24-ijms-20-00800],[@B27-ijms-20-00800],[@B29-ijms-20-00800],[@B32-ijms-20-00800],[@B33-ijms-20-00800],[@B34-ijms-20-00800]\].

In conclusion, the ability of garcinol to regulate miRNAs and EMT with resulting effects on sensitization of resistant NSCLC cells is a novel finding that we report here with the hope that future investigations will further evaluate the anticancer potential of garcinol in NSCLC as well as other relevant cancers in pre-clinical and clinical studies.

4. Materials and Methods {#sec4-ijms-20-00800}
========================

4.1. Cell Lines and Reagents {#sec4dot1-ijms-20-00800}
----------------------------

The human lung adenocarcinoma cell lines A549 and H1299 were purchased from the American Type Culture Collection (Manassas, VA, USA) and maintained according to the American Type Culture Collection's instructions. All cells were cultured in 5% CO~2~--humidified atmosphere at 37 °C. A549 cells were treated with TGF-β1 (5 ng/mL) for 3 weeks to generate A549M cells (EMT phenotype cells). Garcinol was isolated and purified using published methods \[[@B35-ijms-20-00800]\] and the results validated by using commercially available garcinol from Biomol/Enzo Life Sciences International, Inc. (Plymouth Meeting, PA, USA).

4.2. Cell Proliferation Studies {#sec4dot2-ijms-20-00800}
-------------------------------

Cells were seeded at a density of 2 × 10^3^ cells per well overnight. Thereafter, culture media was removed and replaced with a fresh media containing DMSO (dimethyl sulfoxide: vehicle control) or different concentrations of garcinol diluted from a 25 mM stock. After an incubation of 72 h, 25 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (5 mg/mL in phosphate-buffered saline, PBS) was added to each well and incubated further for 2 h at 37 °C. Finally, supernatant was aspirated and the MTT formazan, formed by metabolically viable cells, was dissolved in DMSO (100 μL) by gentle mixing for 30 min on a gyratory shaker. The absorbance was measured at 595 nm on an Ultra Multifunctional Microplate Reader (TECAN, Durham, NC, USA). Each treatment had eight replicate wells and the amount of DMSO in reaction mixture never exceeded 0.1%. Moreover, each experiment was repeated at least three times.

4.3. Soft Agar Colonization Assay {#sec4dot3-ijms-20-00800}
---------------------------------

A549M cells (3 × 10^4^) were first treated with erlotinib alone or erlotinib in the presence of increasing concentrations of garcinol for 72 h, and then collected by trypsinization. Cells were counted and 3 × 10^4^ cells were plated in 0.5 mL of culture medium containing 0.3% (*w*/*v*) top agar layered over a basal layer of 0.7% (*w*/*v*) agar (with culture medium and the supplements) in 24-well plates. Culture medium was supplemented with erlotinib alone or erlotinib and different concentrations of garcinol even during this seeding in soft agar. Plates were incubated for 2 weeks and colonies were counted. All assays were carried out in quadruplicate, and results are representative of three independent observations.

4.4. Histone/DNA ELISA for Apoptosis {#sec4dot4-ijms-20-00800}
------------------------------------

The Cell Death Detection ELISA Kit (Roche, Palo Alto, CA, USA) was used to detect apoptosis, as described previously \[[@B3-ijms-20-00800]\]. Briefly, after appropriate treatment, cytoplasmic histone/DNA fragments from cells were extracted and incubated in the microtiter plate modules coated with antihistone antibody. Subsequently, the peroxidase-conjugated anti-DNA antibody was used for the detection of immobilized histone/DNA fragments followed by color development with ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) substrate for peroxidase. The spectrophotometric absorbance of the samples was determined by using Ultra Multifunctional Microplate Reader (TECAN) at 405 nm.

4.5. Homogeneous Caspase-3/7 Assay for Apoptosis {#sec4dot5-ijms-20-00800}
------------------------------------------------

Caspase-3/7 homogeneous assay was performed as described previously \[[@B3-ijms-20-00800]\] using a kit from Promega (Madison, WI, USA). Cells were treated with garcinol or vehicle control for 72 h. After treatment, 100 μL Apo-ONE^®^ caspase-3/7 reagent was added and the plates shaken for 2 min, followed by incubation at room temperature for 3 h. The fluorescence was then evaluated using ULTRA Multifunctional Microplate Reader (TECAN) at excitation/emission wavelengths of 485/530 nm.

4.6. miRNA Transfections {#sec4dot6-ijms-20-00800}
------------------------

Cells were seeded at a density of 2.5 × 10^5^ cells per well in six-well plates and transfected with appropriate anti-miRNAs or miRNA-negative controls at a final concentration of 200 nM for each individual miRNA (Ambion, Foster City, CA, USA) using DharmaFECT1 transfection reagent (Dharmacon, Lafayette, CO, USA). After 2 days of transfection, cells were split and transfected three more times (for a total four rounds of transfections) before any individual assays.

4.7. Real-Time RT-PCR {#sec4dot7-ijms-20-00800}
---------------------

For miRNA analysis, total RNA was isolated using the mirVana miRNA isolation kit (Ambion). The levels of miRNAs were determined using miRNA-specific Taqman MGB probes from the Taqman MicroRNA Assay (Applied Biosystems, Waltham, MA, USA). The relative amounts of miRNA were normalized to internal miRNA controls RNU6B and RNU48.

4.8. Data Analysis {#sec4dot8-ijms-20-00800}
------------------

All the reported results are representative of at least three independent observations. The data are presented as the mean values ± SE. Statistical comparisons between groups were done using one-way ANOVA. Values of *p* \< 0.05 were considered to be statistically significant and individual *p*-values are reported in the figures, as appropriate.
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![Structure of garcinol.](ijms-20-00800-g001){#ijms-20-00800-f001}

![Garcinol sensitizes transforming growth factor beta 1 (TGF-β1)-induced epithelial-to-mesenchymal transition (EMT) cells, A549M to therapy. A549M cells were treated with increasing doses of erlotinib (**A**) and cisplatin (**B**) in the absence (garcinol 0 μM) as well as presence of increasing doses of garcinol (5 and 20 μM) for 72 h and then subjected to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. (**C**,**D**) The effect of such treatment on anchorage-independent colony formation was also observed. The number of colonies are represented as %, relative to the control conditions with no erlotinib/cisplatin or garcinol. \* *p* \< 0.05 and \*\* *p* \< 0.01, compared to erlotinib alone.](ijms-20-00800-g002){#ijms-20-00800-f002}

![Garcinol potentiates apoptosis induction. A549M and H1299 cells were treated with increasing doses of garcinol for 24 h/72 h, and the induction of apoptosis was measured by Histone/DNA enzyme-linked immunosorbent assay (ELISA) (**A**) and homogeneous caspase-3/7 assay (**B**). \* *p* \< 0.05 and \*\* *p* \< 0.01, compared to 0 μM garcinol. A549M (**C**,**D**) and H1299 (**E**,**F**) cells were treated with 25 and 50 μM erlotinib for 24 h in the absence (erlotinib alone) or presence of 5 and 20 μM garcinol, and the apoptosis was detected by Histone/DNA ELISA (**C**,**E**) and homogenous caspase-3/7 assay (**D**,**F**). \* *p* \< 0.05 and \*\* *p* \< 0.01, compared to erlotinib alone.](ijms-20-00800-g003){#ijms-20-00800-f003}

![Garcinol upregulates EMT-regulating miRNAs. A549M cells were treated with 20 μM garcinol for 72 h and the expression of select miRNAs was evaluated relative to control cells (garcinol 0 μM). \* *p* \< 0.05, \*\* *p* \< 0.01.](ijms-20-00800-g004){#ijms-20-00800-f004}

![Expression of EMT markers. Expression of epithelial marker E-cadherin (**A**) and mesenchymal markers vimentin (**B**) and ZEB1 (Zinc Finger E-Box Binding Homeobox 1) (**C**) was measured in A549M cells, relative to parental A549 cells. G0: control untreated cells, G20: cells treated with 20 μM garcinol for 72 h, G20+miR-200b: cells treated with 20 μM garcinol for 72 h after transfections with anti-miR-200b, G20+miR-205: cells treated with 20 μM garcinol for 72 h after transfections with anti-miR-205, G20+miR-218: cells treated with 20 μM garcinol for 72 h after transfections with anti-miR-218, G20+let7c: cells treated with 20 μM garcinol for 72 h after transfections with anti-Let-7c. \# *p* \< 0.01, compared to G0, \* *p* \< 0.05, relative to G20, \*\* *p* \< 0.01, relative to G20.](ijms-20-00800-g005){#ijms-20-00800-f005}

![Mechanistic role of miRNAs in drug sensitization. Effect of anti-miRNAs was evaluated on garcinol-induced sensitization of A549M cells to erlotinib (**A**) and cisplatin (**B**), through MTT assay. Treatment with drugs in the absence (garcinol 0 μM) or presence of 20 μM garcinol was for 72 h, after transfections with non-specific or specific anti-miRNAs. Effect of anti-miRNAs was also evaluated on potentiation of apoptosis induction as assayed by Histone/DNA ELISA (**C**) and homogeneous caspase-3/7 assay (**D**). \* *p* \< 0.05 and \*\* *p* \< 0.01, compared to garcinol 20 μM.](ijms-20-00800-g006){#ijms-20-00800-f006}

ijms-20-00800-t001_Table 1

###### 

Garcinol lowers the IC~50~ of erlotinib/cisplatin in A549M cells.

  Therapy     Garcinol (μM)   IC~50~ (μM)   \% Decrease in IC~50~
  ----------- --------------- ------------- -----------------------
  Erlotinib   0               43.4          \-
  5           29.1            32.95         
  20          17.2            60.37         
  Cisplatin   0               36.5          \-
  5           19.2            47.40         
  20          9.1             75.07         

[^1]: Present Address: Department of Oncologic Sciences, Mitchell Cancer Institute, University of South Alabama, Mobile, AL 36604, USA.
